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ABSTRACT: This research aims to investigate whether real spaces can support legitimate 
measurements on glazing energy and thermal comfort analysis. This paper presents the 
development of a research facility for doing this. It will test simple to complex glazing and shading 
systems in a real (occupied) interior office environment. The purpose of this research project is to 
compare measured results with those being simulated with existing software and to discover 
discrepancies between simulation and real measured results. 
 
What parameters characterize a glazing system, whether simple or complex? Can these 
parameters be used to predict the energy transfer and comfort in the space? One must begin with 
simple glazing systems and verify measured with readily known simulated results. It is, at present, 
very difficult to use geometric based software with thermal based software to predict the 
performance of complex glazing systems. However, if we can characterize glazing systems with a 
set of reliable measurements, we can provide the data necessary for predicting performance in a 
live space.  
 
Specifically, the Solar Heat Gain Coefficient (SHGC) is a variable parameter based upon solar 
incident angle to a glazing system and is intended to be measured in its integral components: solar 
transmittance and inward-flowing fraction (radiative/convective) heat gain. A new instrumental 
approach through variable surface coated heat flux meters is being investigated to provide the 
measurement of interior glazing surface radiative and convective heat gain. The results suggest 
that this instrumentation may support be a viable method of testing inward-flowing heat gains from 
the interior glass surface. 
 
The test set-up also considers the application of a well-known B&K 1221 Comfort Meter for 
determining thermal comfort responses in the ‘perimeter zone’ on the interior side of a façade. This 
work requires further investigation, but is intended to be used in conjunction with solar 
pyranometers measuring transmittance as well as the heat flux meter and surface temperature 
instrumentation.  
 
 
INTRODUCTION 
A building envelope has the greatest potential to act as a liability or as an asset to the energy performance of the 
building and comfort of its occupants. Advances in manufacturing and materials technology, computer aided 
simulation and control logic can all contribute to better building envelope systems. The elements of solar exposure, 
shading, energy gain, reflected and diffuse day-lighting and acoustic characteristics all interact to create properties of 
a building façade. Nevertheless, complex interactions between these elements have often been ignored or partially 
simulated at best before such façades are installed.  
A few decades ago, research facilities for testing advanced building façades were quite active world-wide. Facilities 
such as MoWiTT at LBNL, U.S.A. (Lawrence, Berkeley National Laboratory), Gartner (now Permesteelisia) Germany, 
Arizona State University, the Solar Laboratory, Florida, U.S.A., Queens University, Ontario, and SOLARCH, N.S.W., 
Australia were all actively conducting research and testing on glazing systems. Few were actually engaged in 
complex sophisticated façade system testing, which conducted double-envelope façades with integrated shading 
systems, such as that by Gartner, and more so, privately by Dr. A. Schwab in southern Germany. Nevertheless, 
many of these facilities have been put to rest and are for the most part inactive. What is even more concerning, is 
that there are very few reported outcomes of the various systems tested, as the information remained proprietary and 
project specific.  
Owing to the recent advances in façade systems, it is necessary to restart research in this field. Australia’s ability to 
develop responsive, smarter and more energy efficient buildings will be significantly improved by overcoming the 
conceptual hurdles separating architectural design of building envelopes from simulation of their environmental 
performance.  
1. GLASS FAÇADE RESEARCH 
1.1 Background 
It is exciting to see the global movement to use complex glazing façade systems and the popularisation of 
sustainable design solutions which are also economical. Developing potentially low-energy systems such as 
ventilated, electrochromic, retrofit glazing and active building façades implies a need to measure the value of these 
systems in terms of performance (i.e. energy, comfort, transmission, lighting, acoustics, etc.). There is also a push to 
explore the benefits of retrofitted glazing in heritage and out-dated buildings as discussed by Baker (et. al., 2010) as 
well as Anderson and Luther (Anderson et. al., 2012). 
The performance of low energy glazing is diverse and the facilities to measure such systems are limited. Specialised 
research is currently being conducted into the many facets of performance glazing design. Researchers at the City 
University of Hong Kong have investigated the use of solar energy collected from within panes of double glazed 
façade systems. Likewise, Fang (et. al., 2007) describe a glazing approach exploring the combination of vacuum and 
electrochromic glazing to form dynamic glazed façades which adapt to enhance thermal performance.  
Research is now exploring façade system design, which has been somewhat neglected by the industry. Around the 
world, academics have begun to explore many new areas of study made possible by complex glazing façade 
systems and shading devices, such as their impact on thermal performance, radiant transmission, solar heat gain, air 
leakage and daylighting. The performance of highly glazed buildings in terms of air tightness testing (DePani et. al., 
2005), the effect of solar heat gain on thermal performance (Barbara et. al., 2012), the effect of complex shading 
devices (Wright et. al., 2008), and of low-emissive coatings and adhered optical films (Chaiyapinunt et. al., 2004) are 
globally recognised areas of façade study.  
New research needs to consider these advances in glazing, particularly complex glazing, to isolate the causes of 
specific behaviours. The interactions of multiple parameters in complex façade systems require thought in 
experimental set-up. Current research recognises these new considerations in complex glazed façade performance 
testing. Considering these circumstances, we seek to test all of these in one in-situ test facility and achieve the 
benefits of sustainably glazed building façade systems. Past research indicates that in-situ experimental testing can 
provide useful and real information as to the performance of glazing systems in regards to energy, lighting (glare), 
thermal comfort and acoustic performance. (Schwab, 2000; Luther and Anderson, 2011) 
 
1.2 The need for a new testing facility 
A new testing facility is needed, which is adaptable and incorporates testing for multiple criteria beyond specific 
(single variable) testing. We have been building an in-situ ‘living laboratory’ facility with large (floor to ceiling) glazed 
surface areas in order to test the extreme case (i.e. comfort next to a glass panel fully exposed to the elements, 
maximum daylight penetration, air leakage through the framework, etc.). We are testing in a real climate at various 
extremes throughout the year (hot and cold weather). The room set-up provides an office-like environment with air-
conditioning and heating. The office and its façade are west facing. There are two panes of glazing adjacent to each 
other, each measuring 2.8m high x 1.3m wide. These panes are oriented to the West. One pane is a reference 
sample with 5mm clear glass. The other pane is the test sample and will allow for variable configurations. A 
lightweight insulated partition at the mullion between the two panes separate the immediate adjacent interior area of 
the two glass panes. This allows for perimeter zone air temperature differences, heat gain, day-lighting and sound 
transmission to be assessed for each glazing pane, in situ. 
2.  PRESENT AND PROPOSED INSTRUMENTATION SET-UP 
 
The installed and proposed laboratory instruments are:  
• An on-site weather & solar tracking station 
• Sensors for incident and transmitted radiation 
• Thermocouples for measuring external, glass and internal temperatures 
• Heat flux meters to determine glass surface heat transfer 
• A thermal comfort meter adapted for comfort near the façade  
 
2.1 An On-site Weather & Solar Station 
The weather and solar tracking station measures the external conditions to which the glazing system is exposed. 
Given the measured global radiation, the diffuse, ground reflection and incident beam radiation onto the façade can 
be predicted and compared with measured values. Other weather parameters, namely air temperature, humidity, 
wind speed, wind direction and global radiation are also measured.  
 
The weather station is placed directly above the testing space on the roof. Three solar sensors provide global, diffuse 
and beam radiation measurements. This assists the cross checking of solar radiation and the development of 
predictive models for the diffuse fraction and clearness index. When only global radiation is available at a site, the 
diffuse component and the direct beam may be calculated from the global radiation, by applying the predicted diffuse 
fraction and clearness index. Figure 1 shows the entire testing facility with the two test panes and the weather/solar 
station of the roof of the building. 
 
	   	   	  
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1 External view of Testing Facility & Solar Tracking Equipment 
	  
2.2 Measuring Incident and Transmitted Radiation 
Sensors are provided which measure external incident radiation (Measured Surface Irradiance) on the glass surface 
as well as the transmitted solar component. Measurements are taken from three sensors fixed on the same plane as 
the glass surface; one located externally, (see Figure 2), and the other two located internally behind each of the two 
test glass panes.  
 
 
 
Figure 2 Interior Solar Pyranometers for Transmitted Radiation Measurement 
 
Weather Station 1. Incident Radiation 
2. Solar Tracker (Direct & Diffuse Solar Radiation) 
3. Wind Speed & Direction 
4. Temperature & Humidity 
5. Global Solar Radiation 
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3. 
4. 
5. 
2.3 Thermocouples for measuring external, glass and internal temperatures 
The next set of sensors measure the temperature of the external air, glass surfaces, air cavities and interior air. One 
of the ongoing critical and disputed issues of glass temperature measurement is the selected method used to 
eliminate the influence of incoming solar radiation on temperature measurements of the air and glass surfaces. It is 
vital to ensure the accuracy of results that the temperature data provided by the thermocouple sensors are not 
affected by incoming solar radiation. The solution used was to apply a ceramic paint coating which is highly reflective 
to negate the effect of solar radiation.  
 
The thermocouples are made of T-type wire. The thermocouples were brazed with a torch creating a welded bulb of 
copper constantan. Two sets of multiple thermocouples (12 in total) were calibrated using a NATA calibrated 
thermometer. These were prepared and tested in an ice bath, at room temperature and in hot water (~50°C). In the 
process, they were protected from physical contact with the liquid through a plastic bag. The absolute error in the 
temperature readings of all the thermocouples was within 0.2°C of the reference.  
 
2.4 A Heat Flux Meter for measuring glass surface heat transfer 
A heat flux meter comprises a thermopile (a series-connected battery of thermocouple devices) between two surface 
plates. Thermal energy, flowing through the device from one plate to the other, causes a small temperature difference 
between the plates. This difference is proportional to the thermal energy flow rate (W/m2) so that the thermopile 
voltage measures it. A heat flux meter can be adapted to measure conduction, convection and radiation heat transfer 
between various mediums.  
 
The Solar Heat Gain Coefficient (SHGC) lumps the inward-flowing fraction and the transmitted radiation together. 
One of the controversial topics is the method by which the inward flowing fraction portion (the heat transfer from the 
glass surface) is determined (Figure 3). Many researchers have been confronted with this exact topic (Lyons, 2001), 
as well as by one of the authors of this paper (Luther, 1995), and a satisfactory answer has yet to be obtained. In 
fact, the answer often refers back to a calculation, or that the inward flowing contribution is derived from the 
difference of transmitted radiation from the total heat transfer gain from a calorimetric device. Often, there is no actual 
measurement apart from the glazing surface temperature itself.  
 
 
Figure 3 Heat Transfer for a Double Glazed Window 
 
The experimental set-up challenges whether it is possible to satisfactorily measure the inward-flowing heat transfer 
from a glass surface via a heat flux meter. In setting up the heat flux meters, a painted surface, highly reflective to the 
infrared and solar spectrum is provided on the sensor side facing the glass surface. This surface was compared to a 
similar sensor painted flat black and one left neutral (copper). The meter itself is less than 0.5mm thick.  
 
The treatment of the heat flux meters fixed to the interior glass surface is being investigated. The idea of using two 
identical meters is being considered where both have the same painted treatment as described before facing the 
glass surface. The only difference is that one has the same thermal reflective surface as on the front, the other has a 
flat black or even identical emissivity treatment as that of the glass itself. Note that a highly reflective surface to the 
room side implies that this HFM will only experience convective heat transfer and no radiative exchange of heat with 
the room.  
 
2.5 A Thermal Comfort Meter adapted for Comfort near the Façade 
One of the developing aspects in façade evaluation is the comfort obtained by occupants inhabiting the perimeter 
zone. Figure 4 shows the specific comfort meter developed into a ‘façade heat transfer and comfort’ meter. The idea 
is to incorporate a well-known and established instrument for thermal comfort, the B&K 1221 (Bruel & Kjaer, 1996) 
This instrument has all the required sensors including a glass surface temperature sensor, a radiant asymmetry 
probe as well as an operative temperature meter. The idea is that for a measured interior glass surface temperature 
we can identify the amount of radiative exchange (through the radiant asymmetry probe) this surface has with its 
interior environment. At the same time we have an understanding of the what the Operative Temperature is in this 
perimeter zone. Operative Temperature indicates the combined radiative and convective air temperatures. Finally, all 
the remaining sensors assist in an instantaneous evaluation of the ISO 7730 Thermal Comfort Standard at this 
perimeter location.  
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Figure 4 A Façade Heat Transfer and Comfort Meter  
3. MEASUREMENT RESULTS 
 
In glazing performance, it is most important to understand the heat transfer mechanisms through a particular glazing 
system. The established method similar to that explained by ASHRAE Fundamentals 2005 (ASHRAE, 2005) is 
illustrated in Figure 3, where the transmitted heat as well as the inward flowing fraction (from the interior glass 
surface) are considered when calculating the Solar Heat Gain Coefficient (SHGC). This coefficient essentially 
describes the total interior heat transfer from the external incident solar radiation upon it: 
 𝑞! = 𝐼!𝜏 + 𝑁! 𝛼𝐼! + 𝑈 𝑡! − 𝑡!      Equation 1 
where:  𝑞! = the total inward heat flow through the glass (W/m2) 𝐼!  = the incident solar radiation available on the exterior glass (W/m2) 𝜏 = the coefficient determining the fraction of 𝐼!  which is directly transmitted through the glass 𝑁! = the inward-flowing fraction of absorbed solar radiation (a coefficient) 𝛼  = the coefficient of absorption determining the fraction of 𝐼!  which is absorbed within the glass 𝑈 = the total thermal conductance of the glazing unit (W/m2K) 𝑡! = the exterior or outside (ambient) air temperature (K) 𝑡!  = the interior air temperature (K) 
 
What is not fully apparent is the understanding of the total heat transfer indicated by the SHGC. There are two parts 
to this coefficient: one being the directly transmitted radiation, the second being the inward-flowing heat transfer from 
the interior glass surface. As previously explained, the inward-flowing fraction itself consists of two heat transfer 
components (radiation and convection) that are often quantifiably different in terms of heat gain. It is exactly this 
aspect, for which our experimental set-up is intended to investigate in greater detail, i.e. through heat flux meters, 
glass temperature and thermal imaging. Equation 2 represents the convective and radiative exchange of the interior 
glass surface (temperature) with its internal environment according to ASHRAE Fundamentals: 
 ℎ!" = 1.77  ∆𝑇!.!" + !!!!! !!!!!!!!!!!!      Equation 2 
  
 
 
where: ∆𝑇 = Difference between glass and inside room temperature 
 𝜀! = emissivity of the glass 
 𝜀! = emissivity of the room 
 𝜎 = Stephan-Boltzman constant 5.67*10-8 (W/m2ᵒK) 
 𝑇! = glass temperature in ᵒK 
 𝑇! = interior surface temperature in ᵒK 
 
The experimental set-up intends to investigate in greater detail the quantity of inward flowing fraction components 
(convection & radiation) through the heat flux meters, glass temperature measurements and thermal imaging. Figure 
5 shows the results of an experiment using three heat flux meters differently coated (black, neutral and white) facing 
Convection        Radiation 
Operative Temperature  
Absolute Humidity  
Wet Bulb Temperature  
Globe Thermometer  
Air Velocity  
Radiant Asymmetry  
Glass Surface Temperature  
and attached to the inside glass surface. It can be seen that the white (ceramic reflective coated) surface admits the 
least heat. Although this method for determining inward-flowing heat flux requires further investigation we believe that 
it exhibits potential for a much needed measured parameter. 
 
Figure 6 provides a summarised result of the testing facility according to its recording of solar radiation and glass 
temperatures. Here an indication of the available global radiation is provided while the west facing pyranometers 
chart the external and internal solar radiation. The recorded glass and external temperatures will be useful to 
computing future heat transfer results. 
 
Figure 5 Performance Characteristics of Painted Heat Flux Meters 
 
 
 
Figure 6 Thermal & Transmission Properties of Testing Single Glazing 
 
4. CONCLUSION 
Building façade systems represent significantly challenging areas of investigation when analysing building 
performance, often presenting conflicting requirements in terms of design aesthetics and user practicality. Achieving 
the comfort requirements of human beings during months of extreme solar gain when using revolutionary façade 
systems is vital. The push towards environmentally sustainable design solutions has reinvigorated a global interest in 
testing such systems which contribute substantially to the energy efficiency of buildings. Technological 
advancements in materials and sustainable design solutions have allowed for a greater freedom to explore the 
potential benefits of complex façade systems.  Modern testing apparatus and computer aided simulation have 
allowed for the testing and development of such systems in a controlled laboratory environment.  
 
This paper has presented the testing methods and instrumentation set up of a façade testing laboratory subjected to  
real life environmental conditions. The experimental set up employed throughout the laboratory design seeks to 
collect an array of data, which over the course of testing will provide firm figures regarding the effectiveness of the 
façade systems tested. The experimental set-up discussed has utilized instrumentation including a solar tracker, 
weather station, thermal comfort meter, thermocouple temperature analysis, pyranometers measuring incident and 
transmitted radiation as well as heat flux meters.  
 
This research begins to investigate whether testing methods can be developed for “live” (as opposed to laboratory) 
spaces which yield legitimate measurements of glazing energy and thermal comfort analysis. The instrumentation of 
other known facilities is rarely (if at all) discussed. It is significant to consider whether individual components of heat 
transfer for a glazing system can be measured and analysed to provide useful information (SHGC, heat transfer, and 
comfort) under varying external conditions.  
 
The research recognises the differences of measured and theoretical parameters used to characterize the heat 
transfer of a glazing system. Quite often it is difficult to isolate (separate) the desired theoretical parameter through 
measurement. For example, the heat flux meter application on the surface of the interior glass is attempting to 
characterize the inward-flowing fraction only, yet, it will be influenced by the conduction of the entire glazing system 
(its U-value). Further investigations as plain and simple as they are with the present set-up remain to assist in the 
improvement of testing methods. 
 
While this instrumentation provides a thorough analysis of the tested façade systems in-situ, the present set-up of the 
test laboratory does not constrain future arrangements as a dedicated testing laboratory may do. The freedom to 
perform future testing is vital to fully investigate the effective performance of façade systems. For example, day-
lighting, acoustics, infiltration and shading are also important properties worth investigating. Through detailed 
assessment of these alternative parameters we may provide a thorough performance analysis of many complex 
façade systems and document their ability to perform under real environmental conditions. Besides such properties, 
the related research (Luther 2012) has already identified energy pathways that confound the simple theory, such as 
failing to account for the ground solar reflectance component  and the need to discretise the diffuse sky component 
incident on the glazing surface. 
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